6
Japan over 72 h from 1200 UTC 4 July are highly correlated in space between the two 114 datasets (Figs. S1b, c). Since rainfall data without any temporal smoothing is preferable to 115 detect precipitation systems for each time instant, we used the radar data in this study. 116 To estimate the background atmospheric fields during the heavy rainfall event, we used 117 the mesoscale analysis (MA) data (JMA 2013) . The MA data resolution is 0.125°, 0.1°, and 118 3 h for longitude, latitude, and time directions, respectively, and 16 pressure levels from 119 1000 to 100 hPa are provided. The MA reflects many observations such as surface 120 observations, radiosonde observations, and satellite observations by using the data 121 assimilation system based on the four-dimensional variational method (JMA 2013) . Thus, 122 we assume that the MA provides the most likely atmospheric fields for each location and 123 time. 126 In this study, a continuous rainfall area wherein the rainfall intensity P is equal to or greater 127 than 10 mm h -1 is defined as one "precipitation system," following Unuma and Takemi (2016) . 128 Here, if two grids of P ≥ 10 mm h -1 share a common edge, they are considered to lie in the 129 same precipitation system. Using this definition, we detected precipitation systems of 130 various sizes for every 10 min. The minimum size of the precipitation system corresponds 131 to one grid area (about 1 km 2 ), while the detected maximum one has an area larger than 132 10 4 km 2 . To quantify the contributions of the precipitation systems for each size, we classified 133 7 the detected precipitation systems into four categories based on their horizontal areas S: S 134 < 10 2 km 2 , S = 10 2 -10 3 km 2 , S = 10 3 -10 4 km 2 , and S ≥ 10 4 km 2 . Figure 2 shows an example 135 of precipitation system classification at 1200 UTC 6 July 2018. Precipitation systems of 136 various sizes (indicated in blue, cyan, magenta, and yellow from small to large-size 137 categories) are embedded in the moderate (P < 10 mm h -1 ) rainfall areas (gray). At this time, 138 a chain of relatively large precipitation systems with areas equal to or larger than 10 3 km 2 139 (magenta and yellow objects in Fig. 2 ) ran from the southwest to the northeast through the 140 Hiroshima area. On the other hand, in the Keihanshin area, moderate rainfall was dominant. It is well known that the background thermodynamic and wind profiles greatly impact the 144 structure and evolution of convective storms (Weisman and Klemp 1982) . Here, in order to 145 study the differences in such background conditions among precipitation systems of different 146 sizes, we examine certain indices calculated from the atmospheric profiles. As indices of 147 instability for moist convection, we use convective available potential energy (CAPE) and 148 the K-index (KI). CAPE is defined as
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where v ′ denotes the virtual temperature of the lifted parcel, ̅ v that of the background 150 profile, and g the acceleration due to gravity. LFC and EL denote the level of free convection 151 and the equilibrium level, respectively. We assume that initial potential temperature and 152 8 mixing ratio of the parcel are given as their averages over the lowest 500-m layer above 153 ground level (AGL), respectively, because high equivalent potential temperature air in this 154 layer is important for the initiation of severe moist convection (Kato 2018). KI is defined as
where T850, T700, and T500 denote the temperatures at 850, 700, and 500 hPa, respectively, 156 and Td850 and Td700 indicate the dew point temperatures at 850 and 700 hPa, respectively.
157
The first parenthetical term and Td850 indicate the temperature lapse rate and the low-level 158 moisture, respectively, both of which contribute to conditional instability. The second 159 parenthetical term indicates the mid-level dryness, which contributes to the inhibition of 160 moist convection. Here, we note that this effect is not considered in the CAPE calculation.
161
As regards the indices of vertical wind shear, we consider the wind difference between two 162 particular levels:
where 1 and 2 indicate the zonal winds at 1 and 2 km AGL, respectively, and 1 164 and 2 the corresponding meridional winds at the same levels. In the present study, both 165 low-level (0.5-2.5 km) and mid-level (2.5-6.0 km) vertical wind shears (ΔV0.5-2.5 and ΔV2.5-166 6.0) were examined. Some idealized numerical experiments showed that the lowest 2.5-km 167 vertical wind shear coupled with conditional instability can generate long-lived squall lines 168 (Rotunno et al. 1988; Weisman et al., 1988; Takemi 1996) In the study, we compared the rainfall characteristics in the two rectangular domains 179 located in the Hiroshima and Keihanshin areas (Fig. 1b) . The Hiroshima domain is located 180 between 132°21′45″-133°00′00″E and 34°04′30″-34°35′00″N, corresponding to an area of 181 3309 km 2 . The Keihanshin domain is located between 134°49′30′′-135°33′00″E and 182 34°40′00″-35°07′00″N, and its corresponding area is also 3309 km 2 . The area-averaged 183 total rainfall amount in the 72 hours from 1200 UTC 4 July 2018 estimated from radar data 184 was 449 mm (460 mm) for the Hiroshima (Keihanshin) domain. Here, we note that the total 185 rainfall amount estimated from the radar/rain-gauge-analyzed precipitation data was 422 186 mm both for the Hiroshima and Keihanshin domains ( Fig. S2 ). Keihanshin domain, almost half of the total rainfall appears to have been caused by 209 moderate precipitation (P < 10 mm h −1 ). Furthermore, when we focus on severe rain (P ≥ 10 210 mm h −1 ), the contribution from smaller precipitation systems is relatively large compared with 211 that in the Hiroshima domain. Consequently, the rapid accumulation of rainfall as in the 212 Hiroshima area did not occur in the Keihanshin area.
213 Figure 5 shows a typical case of the detected precipitation systems in the Hiroshima and 214 Keihanshin areas. As Fig. 5a , we note that significantly large precipitation systems of S ≥ 215 10 4 km 2 often covered the Hiroshima area, particularly during the 18 hours from 0600 UTC 216 6 July to 0000 UTC 7 July. On the other hand, in the Keihanshin area, the smaller 217 precipitation systems were dominant ( Fig. 5b ). Some large precipitation systems of S ≥ 10 4 218 km 2 also passed through this area but their impact was significantly smaller (Figs. 3 and 4).
219
We speculate that the difference in damage between the Hiroshima and Keihanshin areas 220 was strongly related to the size difference of the typical precipitation systems striking these 221 two areas. We further discuss the potential risk due to large precipitation systems in Section (red lines in Fig. 6d ). Although ΔV2.5-6.0 reached the maximum at 1200 UTC 7 July, the 251 average ΔV2.5-6.0 of each day in the Hiroshima domain becomes largest on 6 July because 252 ΔV2.5-6.0 decreased sharply after 1200 UTC 7 July (not shown). In the Hiroshima domain, 253 the destructive rainfall caused by large precipitation systems occurred under a high vertical 254 wind shear environment. In the Keihanshin domain, while the peak value of ΔV0.5-2.5 was 255 smaller than that of the Hiroshima domain (blue line in Fig. 6c ), the ΔV2.5-6.0 value was 256 comparable, or even sometimes significantly larger (blue line in Fig. 6d ). This result indicates 257 that a high vertical wind shear environment does not always result in the formation of large 258 precipitation systems. We also note that the area of the analysis domain (3309 km 2 ) is 259 significantly less than that of large precipitation systems (O(10 4 km 2 )), and thus, the The rainfall caused by large precipitation systems (S ≥ 10 4 km 2 ) seems to be strongly 267 related to the catastrophic damage observed in the Hiroshima area. Here, we discuss the 268 potential risk due to large precipitation systems. Figure 7 shows the distribution of the mean 269 rainfall intensity of each precipitation system detected in western Japan from 1200 UTC 4 270 July to 1200 UTC 7 July 2018 in the form of box-and-whisker plots for each size category.
271
The mean rainfall intensity of the precipitation system tends to become stronger as the size 272 of system increases. In general, the rainfall amount at a certain location is determined by 273 both the average rainfall intensity and duration of the rainfall (Doswell et al. 1996) . For the 274 heavy rainfall in July 2018, larger precipitation systems tended to exhibit stronger rainfall 275 intensities, and thus, had potential to cause more rainfall amount for the same duration. The 276 rainfall duration caused by each precipitation system is unknown. However, we suppose that 
282
From Fig. 7 , the difference in the rainfall intensity between the categories of S = 10 3 -10 4 283 km 2 and S ≥ 10 4 km 2 is significantly smaller than this difference between other categories.
284
This implies that precipitation systems with areas larger than O(10 3 km 2 ) consist of multiple 
Impact of large precipitation systems in western Japan

305
To discuss the risk due to large precipitation systems of S ≥ 10 4 km 2 more generally, we 306 evaluate the impact of large precipitation systems on rainfall amounts in western Japan 307 during the heavy rainfall event. Figure 8 shows the accumulated rainfall amount due to large 308 precipitation systems during the 72 hours from 1200 UTC 4 July to 1200 UTC 7 July and its 309 ratio relative to the total rainfall amount in the same period. The rainfall amount caused by 310 16 large precipitation systems was significantly large in northern Kyushu Island, western 311 Shikoku Island, and the rainfall area extended from the Hiroshima area to its northeast ( Fig.   312 8a), and its contribution to the total rainfall was also large in these areas (Fig. 8b) . Among 313 these, the area including the Hiroshima domain was the most widely affected by large 314 precipitation systems. We note here that there were 413 sediment disasters in Ehime which was almost twice that in the Keihanshin area (CAO 2019). In these areas, rapid 319 accumulation of rainfall caused by large precipitation systems possibly led to deadly 320 disasters. We speculate that the outbreak of sediment disasters during the heavy rainfall 321 event was strongly related to continuous intense rainfall caused by large precipitation 322 systems. However, a more detailed analysis of the link between precipitation system 323 characteristics and local damage in western Japan during the heavy rainfall event is 324 necessary. This will be addressed in future studies. 
Preferable conditions for large precipitation systems 327
To examine the preferable conditions for the formation of large precipitation systems, we 328 performed a simple statistical analysis. Figure 9 shows the box-and-whisker plots for the 329 CAPE, KI, ΔV0.5-2.5, and ΔV2.5-6.0 for the precipitation systems of each size category detected rainfall intensity in large precipitation systems (Fig. 7) . The hodograph shape for 358 environmental wind were not investigated in this study, although this, in addition to the 359 magnitude of shear, also impacts the convective storm characteristics. This will be 360 addressed in future studies. 361 362 363 We examined the rainfall intensity data during the extreme heavy rainfall event in western 364 Japan in July 2018 in order to clarify the reason underlying the damage difference between 365 the Hiroshima and Keihanshin areas despite the fact that both these areas experienced 366 almost the same amount of total rainfall. In the Hiroshima area, large precipitation systems 367 with an area equal to or larger than 10 4 km 2 caused a rapid increase in accumulated rainfall moderate rain whose rainfall intensity was less than 10 mm h −1 , and another portion of 371 rainfall was due to intermittent severe rain caused by relatively small precipitation systems.
Conclusions and remarks
372
Hence, the increase rate of the accumulated rainfall during the event in the Keihanshin area 373 was considerably smaller, which resulted in less damage. We also examined the shear environment. We also focused on the statistics relevant to these indices for 379 precipitation systems appearing throughout the heavy rainfall event. The results show that 380 the size of the precipitation system mostly depends on the magnitude of the vertical wind 381 shear.
382
Our findings imply that the degree of local damage through widely ranging long-lasting 383 heavy rainfall largely depends on the size of the precipitation systems striking each area. In 384 particular, the formation of large precipitation systems appears to significantly increase the 385 disaster risk, which can be assessed by examining the magnitude of the vertical wind shear.
386
However, we note here that other factors probably affect the differences in precipitation 387 systems in addition to the mesoscale background conditions. For example, the coupling of and by the radar/rain-gauge-analyzed precipitation data. Figure S1 shows the time series of 402 the total rainfall rate and the accumulated rainfall amounts estimated by the radar/rain- from moderate rain (rainfall intensity P < 10 mm h −1 ). Blue, cyan, magenta, and yellow 504 colors indicate contributions from precipitation systems with S < 10 2 km 2 , S = 10 2 -10 3 km 2 , 505 S = 10 3 -10 4 km 2 , and S ≥ 10 4 km 2 , respectively, where S denotes the area of the bars show the rainfall amounts caused by moderate rain (rainfall intensity P < 10 mm h −1 ).
512
Red and yellow bars show rainfall amounts caused by precipitation systems with S < 10 4 513 km 2 and S ≥ 10 4 km 2 , respectively, where S denotes the area of the precipitation system. detected in western Japan from 1200 UTC 4 July to 1200 UTC 7 July 2018. Each plot 531 from left to right shows the distribution for precipitation systems with S < 10 2 km 2 , S = 10 2 -532 10 3 km 2 , S = 10 3 -10 4 km 2 , and S ≥ 10 4 km 2 , respectively, where S denotes the area of the 533 precipitation system. rainfall amount greater than one-third of the total rainfall amount shown in Fig. 1b . difference between 2.5 and 6.0 km AGL for each precipitation system detected in western 543 Japan from 1200 UTC 4 July to 1200 UTC 7 July 2018. The values for each precipitation 544 system are defined as their average within the area enclosed by the edge of each system.
545
In each panel, the left, middle, and right plots show the distributions for precipitation 546 systems with S = 10 2 -10 3 km 2 , S = 10 3 -10 4 km 2 , and S ≥ 10 4 km 2 , respectively, where S 547 denotes the area of the precipitation system. magenta, and yellow colors correspond to precipitation systems of S < 10 2 km 2 , S = 10 2 -568 10 3 km 2 , S = 10 3 -10 4 km 2 , and S ≥ 10 4 km 2 , respectively, where S denotes the area of the from moderate rain (rainfall intensity P < 10 mm h −1 ). Blue, cyan, magenta, and yellow 578 colors indicate contributions from precipitation systems with S < 10 2 km 2 , S = 10 2 -10 3 km 2 , 579 S = 10 3 -10 4 km 2 , and S ≥ 10 4 km 2 , respectively, where S denotes the area of the bars show the rainfall amounts caused by moderate rain (rainfall intensity P < 10 mm h −1 ).
587
Red and yellow bars show rainfall amounts caused by precipitation systems with S < 10 4 588 km 2 and S ≥ 10 4 km 2 , respectively, where S denotes the area of the precipitation system. from left to right shows the distribution for precipitation systems with S < 10 2 km 2 , S = 10 2 -612 10 3 km 2 , S = 10 3 -10 4 km 2 , and S ≥ 10 4 km 2 , respectively, where S denotes the area of the index, (c) wind difference between 0.5 and 2.5 km above ground level (AGL), and (d) wind 626 difference between 2.5 and 6.0 km AGL for each precipitation system detected in western 627 Japan from 1200 UTC 4 July to 1200 UTC 7 July 2018. The values for each precipitation 628 system are defined as their average within the area enclosed by the edge of each system.
629
In each panel, the left, middle, and right plots show the distributions for precipitation 630 systems with S = 10 2 -10 3 km 2 , S = 10 3 -10 4 km 2 , and S ≥ 10 4 km 2 , respectively, where S 631 denotes the area of the precipitation system.
